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Recent discoveries have revealed the importance of the vitamin D-dependent generation of antimicrobial
peptides in human host defense against Mycobacterium tuberculosis. Now, Yuk et al. (2009) show how
vitamin D induces autophagy and mediates colocalization ofMycobacterium tuberculosis and antimicrobial
peptides within an autophagolysosome, leading to killing of the bacterium.The ability of macrophages to kill intra-
cellular pathogens is pivotal to the
outcome of the host-microbe interaction.
In tuberculosis, Mycobacterium tubercu-
losis resides in phagosomes and evades
host antimicrobial mechanisms by block-
ing phagosome maturation and phagoly-
sosomal fusion. Ultimately, the host must
either bypass or overcome these evasion
strategies in order to destroy themicrobial
invader.
Studies of host antimicrobial mecha-
nisms in mouse models of tuberculosis
revealed that upregulation of inducible
nitric oxide synthase and the generation
of nitric oxide were required for host
defense. Although this pathway is thought
to be part of the human host response,
as well (Nathan et al., 1983), studies
in the 1980s revealed that vitamin D,
specifically the active form 1,25-dihy-
droxyvitamin D3 (1,25D3), activates a
direct antimicrobial pathway in human
macrophages. The 1,25D3-induced anti-
microbial pathway was shown to involve
the generation of cathelicidin (also known
as LL-37 in its active peptide form), which
has a direct antimicrobial activity against
M. tuberculosis and also induces proin-
flammatory responses (Liu et al., 2006).
The human cathelicidin gene promoter
contains three vitamin D response ele-
ments (VDREs), whereas there are no
VDREs in the mouse cathelicidin gene
promoter, suggesting an evolutionary
divergence in innate immune antimicro-
bial pathways.
The paper by Yuk et al. in this issue of
Cell Host & Microbe establishes a direct
link between 1,25D3 induction of catheli-
cidin and autophagy in the antimicrobial
response to M. tuberculosis (Yuk et al.,
2009). Autophagy is a fundamental bio-logical process ensuring cytoplasmic
homeostasis in which cytoplasmic mate-
rial is enclosed in a double-membrane
vacuole called an autophagosome,which,
through fusion with lysosomes, delivers
sequestered material for lysosomal deg-
radation. There is a growing body of
evidence that autophagy contributes to
intracellular killing of M. tuberculosis by
facilitating phagolysosomal fusion and
thereby providing a mechanism to coun-
teract the ability of M. tuberculosis to
evade the host response (Gutierrez
et al., 2004; Singh et al., 2006). In congru-
ence with previous findings derived
from studies of various human cell lines,
Yuk et al. demonstrate that 1,25D3
induced autophagosome formation and
phagolysosomal fusion in human macro-
phages. Importantly, this process was
found to be dependent on the 1,25D3-
induced upregulation of cathelicidin, as
shRNA inhibition of cathelicidin expression
blocked autophagy. Moreover, knock-
down experiments delineated a crucial
role for cathelicidin in the upregulation of
the autophagy-related genes Atg5 and
Beclin-1.
As in previous studies, autophago-
somes sequestered M. tuberculosis, and
autophagy was required for antimicrobial
activity (Gutierrez et al., 2004; Singh
et al., 2006). Cathelicidin ultimately is
effectively delivered to the phagocytic
vacuoles containing M. tuberculosis in
macrophages (Liu et al., 2006). The study
by Yuk et al. now provides a mechanism
for how cathelicidin is transferred to auto-
phagolysosomes (Yuk et al., 2009). They
demonstrate that 1,25D3 enhances the
recruitment of cathelicidin to autophago-
somes. Taken together, the data suggest
that 1,25D3, by upregulating cathelicidinCell Host & Microbe 6, Sand subsequently inducing autophagy,
brings together cathelicidin andM. tuber-
culosis within autophagolysosomes as
part of a direct antimicrobial pathway
(Figure 1). Other antimicrobial effector
molecules may be involved, including
the antimicrobial peptide b-defensin 2
(Liu et al., 2009). In addition, the accumu-
lation of ubiquitin-derived proteins in
autophagolysosomes has been shown
to result in antimicrobial activity against
M. tuberculosis (Alonso et al., 2007).
Although apoptosis can also lead to
bacterial death, the study by Yuk et al.
indicated that, temporally, it was not
involved in the autophagy-dependent
antimicrobial pathway.
In studying the mechanisms by which
1,25D3 activates macrophage to kill intra-
cellular M. tuberculosis, Yuk et al. have
in some instances added 1,25D3 to
in vitro cultures at concentrations several
logs higher than normal serum levels,
at other times adding concentrations
that are near or slightly above what is
already present in serum (Yuk et al.,
2009). In vivo, serum 1,25D levels are
kept relatively constant by the influence
of parathyroid hormone on vitamin D
metabolism, in particular by regulating
the kidney cytochrome p450 enzyme
CYP27b1, which converts 25D into the
active 1,25D form. Intriguingly, it is the
low 25D serum levels, not 1,25D levels,
that have been associated with suscepti-
bility to tuberculosis and other microbial
infections. Why is the serum 25D level so
important, and how can 1,25D levels be
transiently increased to trigger antimi-
crobial pathways? The answers were
revealed by identifying an autocrine path-
way in human macrophages that regu-
lates intracellular vitamin D metabolism.eptember 17, 2009 ª2009 Elsevier Inc. 201
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PreviewsFigure 1. Model for the Role of Autophagy in the Vitamin D-Dependent Induction of Antimicrobial Responses in Humans
TLR2/1 ligation induces IL-15, leading to the upregulation of the VDR and CYP27b1. CYP27b1 hydroxylates the inactive form of vitamin D (25D3) into the active
form (1,25D3), whichmediates the upregulation of antimicrobial peptides cathelicidin (Cath.) and (together with induction by IL-1) human b-defensin 2 (DEFB4). As
shown by Yuk et al., cathelicidin also induces autophagy and colocalizes withM. tuberculosis in autophagolysosomes, leading to killing of the bacterium. Lyso-
somal ubiquitin-derived peptides contribute to antimicrobial activity.Activation of the innate immunesystemvia
Toll-like receptors (TLRs) on macro-
phages induced CYP27b1, which would
facilitate the conversion of 25D3 to
1,25D3, thereby increasing the bio-
availability of 1,25D3 in macrophages
(Liu et al., 2006). Consequently, serum
25D levels and not 1,25D levels correlated
with the ability to trigger TLR-induction of
cathelicidin.
Themechanism bywhich TLR activation
triggers the macrophage antimicrobial
program involves the induction of inter-
leukin (IL)-15, which was required for
the upregulation of CYP27b1 and
the vitamin D receptor (VDR) (Krutzik et al.,
2008). Although these IL-15-activated
macrophages were phagocytic for my-
cobacteria, the phagocytic program was
morestronglyupregulated inmacrophages202 Cell Host & Microbe 6, September 17, 2by IL-10 (D. Montoya, D. Cruz, R.M.B.
Teles, D.J. Lee, M.T. Ochoa, S.R. Krutzik,
R. Chun,M. Schenk, X. Zhang, B.G. Fergu-
son, A.E. Burdick, E.N. Sarno, T.H. Rea,M.
Hewison, J.S. Adams, G. Cheng, and
R.L.M., unpublished data). Potentially,
macrophage phagocytosis is limited
becauseagivenmacrophagecangenerate
a limited amount of antimicrobial effector
molecules. The divergence of the macro-
phage vitamin D antimicrobial program
and the phagocytic program was corre-
lated with outcome to M. leprae infection
in the human disease leprosy, indicating
the relevance in human disease for such
divergent programs.
A role for vitamin D in host defense in
human tuberculosis is suggestedbycorre-
lation of serum 25D levels with disease
outcome, VDR polymorphism studies,009 ª2009 Elsevier Inc.and therapeutic intervention studies with
vitamin D. African Americans are known
to have increased susceptibility to tuber-
culosis and have been found to have insuf-
ficient circulating levels of 25D. Sera from
vitamin D-insufficient African American
donors were unable to support TLR-
induced cathelicidin expression; however,
in vitro supplementation with 25D3
restored activity (Liu et al., 2006). In vivo
supplementation with vitamin D enhanced
antimicrobial response in vitaminD-insuffi-
cient individuals (Martineau et al., 2007;
Adams et al., 2009). In the past, successful
vitamin D therapy for mycobacterial infec-
tions included exposure to UV light, with
the popularity of sanatoria in the late
1800s, and direct treatment with UVB, for
which Niels Ryberg Finsen was awarded
the Nobel Prize in 1903.
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economic burden of infectious diseases
worldwide, the potential of vitamin D
supplementation offers a cost-effective
intervention strategy of potentially great
benefit. There are a broad range of
diseases, including infectious, autoim-
mune, cardiovascular, and neoplastic
diseases, in which vitamin D insufficiency
has been shown to correlate with suscep-
tibility, although it remains unclear
whether the cathelicidin mechanism is
relevant to all. The new insights into
mechanisms by which vitamin D contrib-
utes to host regulatory pathways, includ-
ing the role of vitamin D in triggering
autophagy here, provides validation and
further impetus for evaluating the effec-
tiveness of vitamin D supplementation in
preventing infectious diseases.Host Tolerance ve
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To deal with an infection, the orga
neutralization or destruction of the
the pathogen or by host defense.
p38-mediated phagocytic encapsul
The etymology of the word ‘‘tolerance’’
refers to the capacity to endure hardship
and pain. As early as 1894, phytopatholo-
gists defined a rust-enduring strain of
wheat as one ‘‘which, though liable to
rust, is able, notwithstanding the attack
of the rust, to mature a fair crop of grain
under ordinary circumstances’’ (cited in
Schafer, 1971). This definition was later
refined to ‘‘the capacity of a cultivar
resulting in less yield or quality loss rela-
tive to disease severity or pathogen de-
velopment when compared with other
cultivars. . .’’ (Schafer, 1971). ToleranceACKNOWLEDGMENTS
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phenomenon is not limited to plants and
has been described in both invertebrate
and vertebrate animals (reviewed in
Schneider and Ayres, 2008). Strikingly,
very little is known in plants as regards
the molecular mechanisms involved in
tolerance, and some light may be shed
from invertebrate genetic model organ-
isms (Schneider and Ayres, 2008). For
instance, oral infections in Drosophila
melanogaster trigger a strong dual
oxidase (Duox)-mediated reactive oxygen
species (ROS) response in the intestine
that kills the host unless it is contained
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